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ARTICLE INFO ABSTRACT 
Article history: The insulin-mimetic and anti-diabetic properties of vanadium and related compounds have been well document- 
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ed both in vitro and in vivo. However, the molecular basis of the link between vanadium and the insulin signaling 
pathway in diabetes mellitus is not fully described. We investigated the effects of reactive oxygen species (ROS) 
induced by oxidovanadium(IV) sulfate (VOSO,) on glucose uptake and the insulin signaling pathway in human 
hepatoma cell line HepG2. Exposure of cells to VOSO, (5-50 uM) resulted in an increase in glucose uptake, insulin 
receptor (IR) and protein kinase B (Akt) phosphorylation and intracellular ROS generation. Using Western blot, 
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aaa sulfate we found that catalase and sodium formate, but not superoxide dismutase, prevented the increase of hydroxyl 
ROS radical (-OH) generation and significantly decreased VOSO,-induced IR and Akt phosphorylation. These results 
Glucose uptake suggest that VOSO,-induced -OH radical, which is a signaling species, promotes glucose uptake via the IR/Akt sig- 
IR/Akt naling pathway. 

HepG2 cells © 2015 Elsevier Inc. All rights reserved. 
1. Introduction compartments, the predominant species of vanadium well be 


In vitro and in vivo studies have been demonstrated that vanadium 
compounds can improve glucose homeostasis and insulin resistance 
with their insulin-mimetic and anti-diabetic properties in type 1 and 
type 2 diabetes mellitus [1-4]. Vanadium and its compounds stimulate 
glucose transport and oxidation [5-7], and glycogen synthesis [8,9]. 
Moreover, some vanadium compounds have been previously docu- 
mented to have insulin-like effects in streptozotocin (STZ)-diabetic 
rats [10]. Vanadium is known to accumulate in rat liver, an organ 
with many diabetes altered metabolic processes through the insulin 
signaling pathway [11,12]. In our previous studies, we also found 
that oral administration vanadium complexes enhance the glycogen 
synthesis and inhibit the gluconeogenesis by down-regulating the 
mRNA expression of phosphoenolpyruvate carboxykinase (PEPCK) in 
the liver of streptozotocin-induced diabetic rats [13,14]. However, the 
exact mechanism of the anti-diabetic activity of vanadium is not fully 
understood. 

Several studies have demonstrated that V compounds with vari- 
ous oxidation states have different anti-diabetic effects [15-17]. 
The main oxidation states of vanadium under oxic conditions are 
v'¥o?* and VYO?~ [18]. In the various body fluids and cellular 


* Corresponding author. Tel.: + 86 10 8825 6079; fax: + 86 10 8825 6460. 
** Corresponding author. Tel.: +86 10 8825 6290; fax: + 86 10 8825 6460. 
E-mail addresses: zhangfang@ucas.ac.cn (F. Zhang), dingwj@ucas.ac.cn (W. Ding). 


http://dx.doi.org/10.1016/j,jinorgbio.2015.05.005 
0162-0134/© 2015 Elsevier Inc. All rights reserved. 


vanadate(V). Vanadate(V) may enter cells by an anion transport system 
and be subsequently reduced by glutathione to oxidovanadium(IV) [18, 
19]. Vanadate(V) and oxidovanadium(IV) sulfate (VOSO.) are the main 
inorganic vanadium species relevant to intracellular function [10], 
which is likely to center on the regulation of reactive oxygen species 
(ROS) production and redox signaling [20]. Thus, interactions of vanadi- 
um compounds with cellular oxidation-reduction processes are impor- 
tant event in the anti-diabetic action of vanadium compounds [15]. 
Superoxide radicals (07 ), hydrogen peroxide (H202) and hydroxyl 
radicals (-OH) are ubiquitous, highly reactive, short-lived product of 
oxygen metabolism that react with surrounding molecules at the site 
of formation [21]. Despite their potential for cytotoxicity, low levels of 
ROS are essential for the regulation of many biological functions and 
several biochemical processes, including intracellular messaging and 
cellular differentiation [22,23]. Recent studies have found that 
mitochondrial-derived ROS regulate protein tyrosine phosphatase 
(PTPase) oxidation, influencing growth factors signaling [24]. Hydroxyl 
radicals generated in vivo can act as physiological oxidizing agents for 
PTPase inactivation [25]. In addition, the serine/threonine kinase Akt 
occupies a central position in insulin signaling in that it is involved in 
stimulation of glucose uptake by insulin target cells [25-27]. It has 
been demonstrated that Akt is activated in a phosphatidylinositol 3- 
kinase (PI3K)-dependent manner by ROS and transition metal ions, 
such as Cu(II), Zn(II) and Ni(II) [26]. Regarding the signal-stimulating 
effects of ROS, redox-active transition metal ions capable of generating 
ROS in cells have been reported to stimulate Akt [28]. However, it 
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remains unclear whether an activation of Akt signaling by exposure of 
the insulin-sensitive cells to vanadium-induced ROS, be capable of 
eliciting the effects similar to those described above. 

It has been demonstrated that oxidovanadium(IV) ions act peripher- 
ally, and that they rather than vanadate species are responsible for the 
insulin-like effects of vanadium [3]. Therefore, the aim of this study 
was to investigate the capability of VOSO, stimulates Akt activity in cul- 
tured HepG2 cells, and to elucidate whether VOSO,-induced Akt activa- 
tion and glucose uptake are dependent of the formation of ROS. 


2. Materials and methods 
2.1. Reagents 


VOSO,4:3.5H20 was purchased from Aldrich Chemical Company 
(Milwaukee, WI, USA). Anti-phospho-Ser473 Akt, anti-Akt, anti- 
phospho-Tyr974 IR, anti-IR and anti-B-actin antibodies were pur- 
chased from Cell Signaling Technologies (Beverly, MA, USA). Fetal 
bovine serum was purchased from Hyclone (UT, USA). Dulbecco's mod- 
ified Eagle's medium (DMEM) was obtained from Invitrogen (CA, USA). 
2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA), B-nicotinamide 
adenine dinucleotide phosphate salt (NADPH), diphenylene iodonium 
(DPI), rotenone, catalase (CAT, 50,000 U/mg), superoxide dismutase 
(SOD, 3000 U/mg), and sodium formate were purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). HEPES was purchased from Amresco 
Chemical Co. (OH, USA). Skim milk powder was obtained from BD (MD, 
USA). Enhanced chemiluminescence detection (ECL) reagent and ultra- 
pure water system were obtained from Millipore (MA, USA). 5,5-Di- 
methyl-1-pyrroline-N-oxide (DMPO) was purchased from Dojindo 
Molecular Technologies (Kumamoto-ken, Japan). D-[U-!*C]glucose 
was purchased from PerkinElmer Life Sciences (Mississauga, Ontario, 
Canada). 24-well plates and cell culture dishes were obtained from Co- 
star Cambridge (MA, USA). 


2.2. Cell culture 


Human hepatocellular carcinoma (HepG2) cells were purchased 
from American Type Culture Collection (ATCC, Rockville, MD, USA), 
and were cultured in DMEM supplemented with 4.5 g/l glucose, 10% 
fetal bovine serum, 100 units/ml penicillin, and 100 ug/ml streptomycin 
at 37 °C in 5% CO. All cell experiments were performed at 80 to 90% of 
cell confluence with viability >90% determined by the trypan blue 
staining. Cells were then harvested using 0.25% trypsin and sub- 
cultured into 60-mm culture dishes or 24-well plates according to selec- 
tion of experiments. 


2.3. Determination of glucose uptake 


Glucose uptake assay were carried out according to the method of 
Tardif et al. [29] with modifications. In brief, on the day of the study, 
HepG2 cells were washed with 2 ml KRPH buffer (5 mM NazHPO,, 
20 mM HEPES, 1 mM MgSOu,, 1 mM CaCl, 136 mM NaCl, 4.7 mM 
KCl, and 0.2% BSA, pH 7.4). The cells were treated with 5, 10, 25 or 
50 uM VOSO; for 30 min, and then 1 uCi of D-[U-!4C]glucose was 
added to each well for 10 min. Glucose uptake was stopped by rising 
3 times with ice-cold PBS. The cells were solubilized with 1% SDS at 
37 °C for 10 min, and cell-associated radioactivity was analyzed by 
scintillation counting (1450 MicroBeta TriLux Microplate Scintilla- 
tion and Luminescence Counter, PerkinElmer) according to the 
manufacturer's protocol. Glucose uptake was expressed as a fold of 
control. Nonspecific uptake (<10% of the total), determined in the 
presence of cytochalasin B (50 uM), was subtracted from the total 
uptake [30]. 


2.4. Immunoblot assay 


Cells were plated in 60 mm culture dishes and treated with 5, 10, 
25 and 50 uM VOSOx,. The cells were then lysed in radio immunopre- 
cipitation assay (RIPA) buffer (150 mM NaCl, 100 mM Tris, 1% Triton 
X-100, 1% deoxycholic acid, 0.1% SDS, 5 mM EDTA, and 10 mM NaF, 
pH 8.0) supplemented with 1 mM phenylmethanesulfonyl fluoride 
(PMSF) on ice for 10 min. After centrifugation at 12,000 rpm for 
15 min, the supernatant containing the total cellular protein extract 
was harvested and stored at — 70 °C prior to use. Total protein ex- 
tracts were subsequently size-separated by SDS-PAGE, and trans- 
ferred to a poly (vinylidene fluoride) (PVDF) membrane in 20 mM 
Tris-HCl (pH 8.0) containing 150 mM glycine and 20% (v/v) metha- 
nol. The membranes were blocked with 5% (m/v) skim dry milk for 
1 h. The cells were incubated with the primary antibodies diluted 
(1:1000) against IR and Akt in Tris-buffered saline (20 mM Tris- 
HCl and 150 mM NaCl, pH 7.4) containing 0.1% Tween 20 (TBST) 
overnight at 4 °C and then incubated with the secondary antibody di- 
luted (1:1000) at room temperature for 1 h. The membrane was 
washed with TBST three times for 5 min each. Immunoreactive 
bands were detected with enhanced chemiluminescence reagents 
according to the manufacturer's instructions. B-Actin was used as 
loading controls for the total protein content. 


2.5. Detection of intracellular reactive oxygen species 


DCFH-DA is widely used to detect the generation of ROS and for 
assessing the overall oxidative stress [31]. DCFH-DA as a molecular 
probe is able to diffuse through the cell membrane and become enzy- 
matically hydrolysed by intracellular esterases to produce non- 
fluorescent DCFH. The oxidation of DCFH by intracellular ROS, mainly 
H20-, -OH and other ROS, results in fluorescent DCF, which stains the 
cells [32]. In brief, HepG2 cells were cultured in 24-well plates at a 
density of 1 x 10° cells/well. The cells were treated with 5, 10, 25 and 
50 uM VOSO, for 30 min. DCFH-DA (diluted with DMEM medium to 
final concentration of 10 uM) was applied to the cells and incubated 
for another 30 min at 37 °C. The cells were washed twice with ice- 
cold PBS and harvested for measurement of fluorescence intensity. 
DCF fluorescence intensity of each well was quantified using a fluores- 
cence multi-well plate reader (TriStar LB941, Berthold, Germany) with 
excitation and emission wavelengths of 485 and 535 nm, respectively. 
Results were measured as mean fluorescence (arbitrary units, AU). 


2.6. Electron spin resonance (ESR) measurement 


ESR trapping technique, using DMPO as the spin trap, was employed 
to detect free radical generation. This technique involves the 
addition-type reaction of a short-lived radicals with a diamagnetic 
compound (spin trap) to form a relatively long-lived free radical 
product (spin adduct), which can be studied using conventional 
ESR. In this assay, the intensity of the spin adduct signal corresponds 
to the quantity of short-lived radicals trapped. The hyperfine cou- 
plings of the spin adduct are generally characteristic of the original 
trapped radicals [33]. ESR spectra were recorded on a Bruker ESP 
300 spectrometer (Bruker, Ettlingen, Germany) and a flat cell assembly 
[33,34]. The reactants were mixed in a test tube in a final volume of 
500 ul. Hyperfine couplings were measured (up to 0.1 G) directly from 
the magnetic field separation using potassium tetraperoxochromate 
(KsCrOg) and 1,1-diphenyl-2-picrylhydrazyl as reference standards. 
HepG2 cells (1 x 107) were mixed with 100 mM DMPO, 1 mM 
NADPH, 1 mM VOSO,, and different ROS scavengers (20 uM DPI, 
50 uM rotenone, 0.33 mg/ml SOD, 0.1 mg/ml CAT, or 300 uM sodium 
formate). The reaction mixture was then transferred to a flat cell for 
ESR measurement. 
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2.7. Statistical analysis 


All data are presented as mean + SEM of at least three independent 
experiments. Statistical analysis was performed with analysis of vari- 
ance (ANOVA) for multiple comparisons, followed by a Fisher post hoc 
test. A value of P < 0.05 was considered as statistically significant. 


3. Results 
3.1. VOSO4 stimulates glucose uptake 


To determine whether VOSO, could stimulate glucose uptake, 
HepG2 cells were treated with various concentrations of VOSO, for 
30 min. As shown in Fig. 1, the levels of glucose uptake were induced 
by VOSO, in a dose-dependent manner. At 5, 10, 25 and 50 uM, 
VOSO, induced a 1.3-, 1.6-, 1.9- and 1.6-fold stimulation in glucose 
uptake, respectively. The maximum level of glucose uptake was in- 
duced by 25 uM VOSO,. These results indicate that within the con- 
centration range, 5 to 50 uM of VOSO, stimulates glucose uptake in 
HepG2 cells. 


3.2. VOSO; increases IR/Akt phosphorylation 


To further investigate if the observed glucose uptake induced by 
VOSO, was related to the insulin signaling pathway in HepG2 cells, 
the expressions of IR and Akt phosphorylation were measured by West- 
ern blot. Cells were incubated with the indicated VOSO, concentration 
for 30 min. The total cellular protein extracts were used to determine 
levels of phospho-IR for Tyr942 and IR protein as well as phospho-Akt 
for Ser473 and Akt proteins using immunoblot assay. As shown in 
Fig. 2, VOSO, significantly increased IR and Akt phosphorylation in a 
dose-dependent manner, whereas it did not alter the IR or Akt protein 
level. The induction of IR or Akt phosphorylation was maximum by 
the treatment of VOSO, at 25 uM. These results suggest that VOSO, in- 
duced IR/Akt phosphorylation. 


3.3. VOSO, increases ROS generation 


Previous studies have demonstrated that ROS is involved in 
vanadium-induced biological activities [33,35]. If glucose uptake is re- 
sponsible for some of the biological effects caused by vanadium, ROS 
generation may also play a role in VOSO,-induced stimulation in glu- 
cose uptake. To test this possibility, the ability of VOSO, to generate 
ROS in HepG2 cells was determined by dye staining and ESR. As 
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Fig. 1. Effects of VOSO, on glucose uptake in HepG2 cells. HepG2 cells were incubated with 
media containing 5, 10, 25 and 50 uM of VOSO, for 30 min and then indicated with KRPH 
buffer containing 1 uCi of D-[U-'4C] glucose for 10 min. Glucose uptake was determined in 
cells. Data are presented as mean + SEM of three independent experiments. *p < 0.05, 
**p < 0.01 vs. the untreated control cells. 
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Fig. 2. Effects of VOSO, on phosphorylation of IR and Akt in HepG2 cells. HepG2 cells were 
treated with 5, 10, 25 and 50 uM of VOSO, for 30 min. The total cellular protein extracts 
were prepared and subjected to immunoblot assay with antibodies against phospho-IR 
(Tyr942) and phospho-Akt (Ser473). The immunoblot signals quantified using Image] 
software are shown in the bar graph. The mean densitometry data from three independent 
experiments (one of which is shown here) were normalized to the result obtained in cells 
in the absence of VOSO, (control). Data are presented as mean + SEM of three indepen- 
dent experiments. **p < 0.01 vs. the untreated control cells. 


shown in Fig. 3, in the presence of 25 or 50 uM VOSO;, ROS generation, 
as measured by increased DCF fluorescence, was increased approxi- 
mately 1.5-fold in vanadium-treated, compared with untreated control, 
HepG2 cells. 
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Fig. 3. Effects of VOSO, on ROS generation in HepG2 cells. HepG2 cells were exposed to 5, 
10, 25 and 50 uM VOSO, for 30 min. Intracellular ROS levels were determined by DCFH-DA 
staining. The fluorescence intensity of DCF was measured by fluorescence plate reader 
(TriStar LB 941). Data are presented as mean + SEM of three independent experiments. 
*p < 0.05, **p < 0.01 vs. the untreated control cells. #p < 0.05 vs. VOSO,-treated cells. 
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3.4. VOSO4 induces hydroxyl radicals generation 


To further confirm whether -OH radical was induced by VOSOu,, 
the ability of VOSO, to generate -OH radical was detected using an 
ESR spin trapping method with DMPO as the spin trap. The spectrum 
consists of a 1:2:2:1 quartet with a splitting of ay = an = 14.9G, 
where ay and ay denote the hyperfine splitting of the nitroxyl nitro- 
gen and a-hydrogen, respectively. Based on these splittings and the 
1:2:2:1 line shape, this spectrum was assigned to the DMPO/-OH ad- 
duct, which was evidence of -OH radical generation. As shown in 
Fig. 4, HepG2 cells alone did not generate any detectable amount of 
free radicals (Fig. 4A-1). However, the cells incubated with VOSO, 
generated a typical ESR spectrum (Fig. 4A-2). NADPH, a cofactor of 
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Fig. 4. Effects of antioxidants on VOSO4-induced ROS generation in HepG2 cells. HepG2 
cells (1 x 107) were incubated in PBS containing 100 mM DMPO and 1 mM VOSOQ, with 
or without antioxidants, DPI, and rotenone, ESR spectra were recorded for 5 min. 1, 
HepG2 cells only; 2, cells + VOSO,4 (1 mM); 3, cells + VOSO4 + NADPH (1 mM); 4, 
cells + VOSO, + DPI (20 uM); 5, cells + VOSO, + rotenone (50 uM); 6, 
cells + VOSO, + SOD (1000 U/ml); 7, cells + VOSO, + CAT (5000 U/ml); 8, 
cells + VOSO, + sodium formate (300 uM). A, The ESR spectra from a representative ex- 
periment. B, Data are presented as mean + SEM of three independent experiments 
(Control = 1). **p < 0.01 vs. the untreated control cells. #p < 0.05 vs. VOSO,-treated cells. 


certain flavoenzymes such as glutathione reductase, slightly enhanced 
the generation of the -OH radical (Fig. 4A-3). Neither DPI nor rotenone 
decreased the signal intensity induced by VOSOz (Fig. 4A-4, 5). Addition 
of SOD, an OF radical scavenger, significantly increased the DMPO/-OH 
adduct signal (Fig. 4A-6). However, addition of CAT, a scavenger of 
H202, inhibited -OH radical generation (Fig. 4A-7), indicating that 
H20; was produced in the VOSO,-treated cells and involved in -OH gen- 
eration. Addition of sodium formate, an -OH radical scavenger, de- 
creased the signal intensity (Fig. 4A-8), further supporting the -OH 
radical generation. These results indicated that -OH generation by 
VOSO, might be required for its stimulation of glucose uptake. 


3.5. Requirement of hydroxyl radicals for induction of glucose uptake 


To further study of the role of ROS in VOSO,-stimulated glucose up- 
take, the effects of various specific antioxidants on glucose uptake in 
HepG2 cells were determined. As shown in Fig. 5, treatment of the 
cells with VOSO, increased D-[U-'4C]glucose uptake, and addition of 
CAT and sodium formate significantly decreased glucose uptake. In con- 
trast, treatment of the cells with SOD did not significantly decrease glu- 
cose uptake induced by VOSO,. 


3.6. Involvement of hydroxyl radicals in IR/Akt phosphorylation 


To understand whether VOSO,-induced ROS generation play a 
role in VOSO,-stimulated glucose uptake through the IR/Akt path- 
way, the effects of various antioxidants on VOSO,-induced IR and 
Akt phosphorylation were determined by immunoblot assay. As 
shown in Fig. 6, treatment of the cells with 25 uM VOSO, induced 
IR and Akt phosphorylation. CAT and sodium formate significantly 
inhibited VOSO,-induced IR and Akt phosphorylation. In contrast, 
treatment of cells with SOD did not inhibit IR and Akt phosphoryla- 
tion. These results further confirmed that -OH as a signaling molecu- 
lar was involved in VOSO,-induced IR/Akt phosphorylation. 


4. Discussion 


In this study, we have demonstrated that oxidovanadium(IV) sulfate 
improves glucose uptake in human hepatoma cell line HepG2. Further, 
we showed that VOSO,-induced -OH radical serves as one of the meta- 
bolic signals for glucose uptake. Therefore, we assessed the underlying 
mechanism of VOSO, on glucose uptake. The increase in glucose uptake 
by VOSO, was predominantly mediated by activation of Akt activity. In 
addition, the IR/Akt is required for induction of central signaling pathway 
regulating cellular glucose uptake response to -OH radical generation. 
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Fig. 5. Effects of antioxidants on VOSO,-induced glucose uptake in HepG2 cells. Cells were 
pretreated with 1000 U/ml SOD, 5000 U/ml CAT and with 300 uM sodium formate, respec- 
tively. Then the cells were treated with 25 uM VOSO, for 30 min. Glucose uptake in cells 
was determined. Data are presented as mean + SEM of three independent experiments. 
**p < 0.01 vs. the untreated control cells. ##p < 0.01 vs. VOSO,-treated cells. 
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Fig. 6. Effects of antioxidants on VOSO,-induced IR and Akt phosphorylation in HepG2 
cells. Cells were pretreated with 1000 U/ml SOD, 5000 U/ml CAT and 300 uM sodium for- 
mate, respectively. Then the cells were incubated with 25 uM VOSO, for 30 min. 
Immunoblotted with phospho-IR (Tyr942) and phospho-Akt (Ser473) antibodies to ex- 
amine the phosphorylation status and subsequently immunoblotted with the anti-IR 
and anti-Akt antibodies as loading control. The phosphorylation density of the IR and 
Akt from replicate quantitated using Image] software was shown in the bar graph. The 
mean densitometry data from three independent experiments (one of which is shown 
here) were normalized to the result obtained in cells in the absence of VOSO, (control). 
Data are presented as mean + SEM of three independent experiments. *“p < 0.01 vs. the 
untreated control cells. ##p < 0.01 vs. VOSO,-treated cells. 


These data are consistent with the previous reports that vanadium ap- 
pears to have a profound impact on insulin action through the insulin 
signaling cascade [12,36-38]. 

Tardif et al. described that vanadate induces a dose-dependent 
increase in glucose uptake in cardiomyocytes [39]. More recently, 
Hwang and Chang described that vanadium pentoxide stimulates 
glucose uptake in L6 myotubes [40]. Similarly, we also observed 
that VOSO, significantly increased the levels of glucose uptake in 
HepG2 cells in a dose-dependent manner (Fig. 1), suggesting the in- 
sulin signaling pathway activated by VOSO, treatment leading to en- 
hanced glucose uptake. Activation of this cascade by VOSO, also 
induced a dose-dependent increase in glucose uptake in HepG2 
cells. This observation is consistent with an earlier report demon- 
strating that the dose-dependent stimulation of glucose uptake in 
adipocytes was more sensitive to vanadate in cells rendered 
insulin-resistant by exposure to high glucose. The increased sensitiv- 
ity of glucose uptake was paralleled by an increased sensitivity of IR 
phosphorylation and Tyr kinase activity [41]. 

Rehder described the ability of vanadium to regulate the cellular 
production of ROS [42]. Under physiological conditions and vanadium 
concentrations below 100 uM, vanadate is rapidly reduced to V'Y0? + 
upon entering cells [43]. It has been demonstrated that VO? * is able 
to generate -OH radical from hydrogen peroxide via a Fenton-like 


reaction [42]. In the present study, we showed that VOSO, triggered 
an increase of intracellular ROS in a dose-dependent manner as deter- 
mined by dye staining (Fig. 3). Also, ESR spin trapping measurements 
show that cells treated with VOSO, generated -OH radical (Fig. 4A). Cat- 
alase and sodium formate, as a specific scavenger of H20» or -OH, dra- 
matically decreased the generations of ROS and -OH induced by 
VOSO, (Fig. 4B). These observations are consistent with the previous re- 
ports that incubation of cells with vanadium led to an increase in the 
generation of ROS [33,35,44,45]. 

Early studies have demonstrated that vanadium exposure in- 
duces intracellular ROS generation, which function as signaling spe- 
cies to activate calcium-calcineurin pathways in T cells [33] or to 
trigger p53 activation in A549 cells [34]. ROS clearly possess the ca- 
pacity to behave in a random and can directly or indirectly activate 
cellular stress-sensitive signaling pathways [46]. It is well known 
that ROS generation is believed to be essential in triggering signaling 
response of insulin [47]. Previous studies have identified that the ex- 
posure of cells to ROS or ROS generating systems is capable of stim- 
ulating cellular Akt activity [48,49]. In line with this signal- 
stimulating effect of ROS, redox-active transition metal ions capable 
of generating ROS in cells were demonstrated to stimulate Akt also 
[26]. For example, exposure to Cu(II) salts triggers an activation of 
Akt in human and rat hepatoma cells and rat liver epithelial cells 
[28,50]. Orthovanadate results in increased phosphorylation of 
RET/PTC1 for Tyr451 and activation of the PI3K/Akt/mTOR signaling 
pathway [51]. In this present study, we also observed that VOSO,- 
induced ROS caused activation of IR and Akt (Fig. 2). Moreover, cat- 
alase and sodium formate significantly inhibited IR and Akt phos- 
phorylation induced by VOSO, (Fig. 6), suggesting that -OH is 
involved in VOSO,-induced IR and Akt phosphorylation. 

Although ROS enhance insulin signaling, particularly, H202 has been 
identified as a suitable second messenger molecule, excessive levels of 
ROS may cause diabetic complications [52]. Moreover, oxidative stress 
is believed to be the common denominator for the major pathways in- 
volved in the development and progression of diabetic diseases [53]. 
In the present study, we observed an increase of ROS generation that 
was significantly different from control levels, at 25 uM and 50 uM of 
VOSO, (Fig. 3). However, the maximum level of glucose uptake was 
reached at 25 uM of VOSO, (Fig. 1). Therefore, ROS generation needs 
to be closely monitored in applying vanadium compounds in vitro and 
in vivo due to the cytotoxic nature of ROS. 

In conclusion, the present study demonstrated that VOSO,-induced 
ROS generation elicits glucose uptake in HepG2 cells. Moreover, our 
findings revealed an interaction between ROS generation and IR/Akt ac- 
tivation in VOSO,-treated cells. We found that VOSO,-induced - OH rad- 
ical, as the major species of ROS, is responsible for glucose uptake and 
IR/Akt phosphorylation. These results suggest that increase of glucose 
uptake induced by VOSO, through IR/Akt signaling pathway, -OH radi- 
cal may play an important role. 


Abbreviations 


CAT catalase 
DCFH-DA 2’,7’-dichlorodihydrofluorescein diacetate 


DMPO _ 5,5-dimethyl-1-pyrroline-N-oxide 
DPI diphenylene iodonium 

ECL enhanced chemiluminescence 

ESR electron spin resonance 

IR insulin receptor 

PEPCK  phosphoenolpyruvate carboxykinase 


PI3K phosphatidylinositol 3-kinase 


PMSF polymethylsulfonyl fluoride 
PTPase protein tyrosine phosphatase 
PVDF poly (vinylidene fluoride) 

RIPA radio immunoprecipitation assay 
ROS reactive oxygen species 
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SEM standard error of mean 
SOD superoxide dismutase 
TBST Tris-buffered saline (20 mM Tris-HCl and 150 mM NaCl, 


pH 7.4) containing 0.1% Tween 20 
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